Potential mosquito vectors of Dirofilaria immitis (Leidy) (Nematoda: Filarioidea), the causative agent of dog heartworm in the southeastern region of the United States, were collected with CDC light traps and gravid traps in seven counties in the state of Georgia, USA. The presence of D. immitis in these mosquitoes was detected by polymerase chain reaction using species-speciÞc primers for the D. immitis surface or cuticular antigen. Overall, 1,574 mosquitoes of 13 species in seven genera were collected; 92% of the specimens were Aedes albopictus (Skuse), Aedes vexans (Meigen), or Anopheles punctipennis (Say). Ae. albopictus, An. punctipennis, and Anopheles crucians Wiedemann were positive for D. immitis DNA. Ae. albopictus had the highest maximum likelihood rate of infection (2.30%; 95% conÞdence interval [CI] ϭ 1.15Ð 4.00%) followed by An. crucians (1.38%: 95% CI ϭ 0.04 Ð 6.93%), and An. punctipennis (0.85%: 95% CI 0.03Ð 4.29%). The detection of D. immitis DNA in the heads and thoraxes of Ae. albopictus (0.40%; 95% CI ϭ 0.12Ð2.02%) indicates that these mosquitoes can support the development of D. immitis to the infective stage 3 larvae.
Dog heartworm is caused by infection with Dirofilaria immitis (Leidy) (Nematoda: Filarioidea), a mosquitotransmitted parasite of canines found throughout the world (Acha and Szyfres 2003) . Sixty-three species of mosquitoes are thought to be potential vectors of D. immitis, with 28 of these being found in the United States (Ludlam et al. 1970 ); 12 of these species [Aedes albopictus (Skuse), Aedes sollicitans (Walker), Aedes sticticus (Meigen), Aedes taeniorhynus (Christophers), Aedes trivitattus (Coquillett), Aedes vexans (Meigen), Anopheles bradleyi King, Anopheles crucians Wiedemann, Anopheles punctipennis (Say), Culex nigripalpis Theobald, Culex quinquefasciatus Say, and Culex salinarius (Coquillett)] are found in the southeastern United States and have been implicated as presumptive vectors of D. immitis (Lok et al. 2000) . Although it was once believed that transmission occurred year-round in the warmer southern United States, recent studies have shown that Dirofilaria transmission may be seasonal in some warm climate states (Watts et al. 2001) .
The D. immitis infections in canines have been historically common in the southeastern United States. In 1968 in Atlanta, D. immitis infection rates of 5.4 and 12.5% were found in privately owned dogs and dogs in shelters, respectively (Thrasher et al. 1968 ). In North Carolina and Virginia, a 19% D. immitis infection rate in dogs was found (Falls and Platt 1982) . The D. immitis infections in dogs residing in animal shelters in northwestern South Carolina ranged from 8.7% (1991Ð1992) to 12.7% (1999 Ð2000) (Yabsley et al. 2004) .
In canines, dog heartworm is a chronic infection by adult D. immitis worms within the right ventricle and pulmonary arteries. In humans, infection with D. immitis can result in pulmonary diroÞlariasis, a benign condition in which the parasites migrate to the heart and die and are then carried to the lungs. In the lung the parasites aggregate to form a pulmonary nodule (1Ð 4 cm) known as a "coin" lesion (Acha and Szyfres 2003) . These coin lesions can be mistaken for pulmonary malignancies and are often removed unnecessarily (Rodrigues-Silva et al. 1995) . Although infections in humans are rare, four cases of human diroÞlariasis were reported from Savannah, GA, between 1992 and 1999 (Echeverri et al. 1999) .
Traditionally, Þeld studies to incriminate vectors or to determine seasonality and intensity of transmission involved the dissection of large numbers of Þeld-collected mosquitoes to determine whether a mosquito species was naturally infected with the infectious stage 3 larvae (L3) of D. immitis, which is transmitted from the vector to a vertebrate during blood feeding. It is logistically challenging to perform an adequate number of dissections for these studies and technically difÞcult to identify the L3s of different Dirofilaria species by morphology (Sauerman and Nayar 1983) . However, sensitive and speciÞc polymerase chain reaction (PCR)-based assays to circumvent these obstacles have been developed to identify D. immitis DNA in pools of mosquitoes Kambhampati 1995, Watts et al. 2001) .
The current study identiÞed potential mosquito vectors of D. immitis in Georgia, USA, by estimating the parasite infection rate by PCR analysis using spe-ciÞc primers to detect D. immitis DNA and emphasized the identiÞcation of D. immitis in non-Culex species (which constitute 10 of the 12 presumptive vectors of D. immitis in the southeastern United States; Lok et al. 2000 ) that were available from collections performed as part of a West Nile virus (family Flaviviridae, genus Flavivirus, WNV) study. PCR analysis of only the mosquito head and thorax was also conducted to identify mosquitoes that may be potentially infective (because only D. immitis DNA from L3s should be present in a vector mosquitoÕs head and thorax).
Materials and Methods
Mosquito Collections. Mosquitoes were collected using both CDC light traps and gravid traps at 49 sites in seven counties in Georgia as part of the state WNV surveillance program ( Fig. 1 were not available for screening for D. immitis because they had been processed previously by the Georgia Division of Public Health for WNV detection and then discarded. Mosquitoes were pooled by species, trap location, and date of collection and were stored at Ϫ80ЊC until analyzed for D. immitis.
Extraction of DNA From Mosquitoes. DNA from mosquito pools was extracted using the DNeasy kit (QIAGEN, Valencia, CA) protocol, with the only modiÞcation being that the column was washed twice with buffer AW1 and once with buffer AW2 before DNA was eluted from the column with 125 l of AE elution buffer. The puriÞed DNA then was used for the PCR assay.
Extraction Controls. A negative DNA extraction control from a pool of noninfected laboratory-reared Ae. albopictus mosquitoes was run with each set of PCR reactions. In addition, a positive DNA extraction control and positive PCR control were included with each set of PCR reactions. The positive DNA extraction control consisted of a pool of laboratory-reared Ae. albopictus mosquitoes spiked with three to six D. immitis L3s (larvae provided by the National Institutes of Health/National Institute of Allergy and Infectious Diseases Filariasis Research Reagent Repository Center). The positive PCR control consisted of three to six D. immitis L3s.
PCR Amplification With D. immitis Primers. PCR assays were modiÞed from the reaction conditions Þrst published by Scoles and Kambhampati (1995) PCR reactions were run on an I-Cycler (Bio-Rad Laboratories, Hercules, CA). The PCR conditions consisted of a single step of 95ЊC for 15 min and 50ЊC for 5 min (needed to activate the HotStar TaqDNA polymerase; S. Williams, personal communication), followed by 35 cycles of 72ЊC for 1 min, 90ЊC for 1 min, and 50ЊC for 1 min. The Þnal step was a 5-min extension at 72ЊC. PCR products were size fractionated on 2% agarose gels stained with GelRed (Biotium, Hayward, CA). Agarose gels were run at 70 V for 1 h and visualized under UV light. Samples positive for the D. immitis surface antigen repeat yielded a 378-bp fragment after ampliÞcation. Positive samples were veri-Þed by repeating the PCR reaction in duplicate. A pool was considered positive if at least one of the two conÞrmatory repeat samples were also positive. Analysis of potential infections with D. immitis L3s was conducted by PCR using DNA extracted from the head and thorax of all Ae. albopictus captured in light and gravid traps during July 2007.
Estimation of Mosquito Infection Rates. Mosquito infection rates by PCR were calculated as maximum likelihood estimates, with 95% conÞdence intervals (CI) based upon the likelihood ratio method using PoolScreen2 software (Katholi et al. 1995) .
Results and Discussion
In the current study, 13 species in seven genera of mosquitoes (total of 1,401 mosquitoes in 206 pools) were analyzed from 49 trap locations in seven counties in Georgia (Fig. 1) . Ninety-two percent of mosquitoes analyzed in this study were Ae. albopictus (n ϭ 796), Ae. vexans (n ϭ 551), and An. punctipennis (n ϭ 122) ( Table 1) .
Three mosquito species were positive for D. immitis DNA: Ae. albopictus, An. punctipennis, and An. crucians (Tables 1 and 2) . This is the Þrst study that reports evidence for the natural infection of mosquitoes with D. immitis in the state of Georgia. Many previous studies in other states reported mosquito species infected with Þlariid nematodes that were presumed (because of the difÞculty of identifying D. immitis by morphology) to be D. immitis (reviewed by Lok et al. 2000) , including the three species conÞrmed with D. immitis DNA in our study. Infected Ae. albopictus mosquitoes were identiÞed from six of the seven counties in which mosquitoes were collected with 31% of the 49 collection sites (n ϭ 15), yielding mosquitoes positive for D. immitis DNA, conÞrming the widespread distribution of this parasite (Fig. 1) . Infected Ae albopictus were not found in Talbot Co. (n ϭ 7) . The estimated prevalence of D. immitis infection in Ae. albopictus for any larval stage was 2.30% (95% CI ϭ 1.15Ð4.00%) (Table 1) , ranging from 0.92% (95% CI ϭ 0.11Ð3.2%) in Clayton Co. to a high of 17.1% (95% CI ϭ 3.44Ð44.9%) in Sumter Co. among the six counties where evidence of infection was found. Overall, the prevalence of D. immitis L3s based on (Katholi et al. 1995) . detecting D. immitis DNA in the heads and thoraces of Ae. albopictus was 0.40% (95% CI ϭ 0.12Ð2.02%).
An. punctipennis was collected from Dougherty, Muscogee, Sumter, and Talbot counties. A single D. immitis-positive pool was detected in the town of Americus in Sumter Co. The overall maximum likelihood of infection in An. punctipennis was 0.85% (95% CI ϭ 0.03Ð 4.29%) (Table 1) . A single infected pool of An. crucians was found from Sumter Co.; (the only county in which this mosquito was collected). The maximum likelihood of infection was 1.38% (95% CI ϭ 0.04 Ð 6.93%). D. immitis DNA was not detected in any of the other 10 mosquito species tested (Table 1) , including Ae vexans (n ϭ 551), which was reported as a presumed vector in studies in 10 states, including the neighboring state of Alabama (Lok et al. 2000) .
Ae. albopictus has been implicated previously as both an experimental and natural vector of D. immitis in Louisiana, Florida, and Italy (Comiskey and Wesson 1995 , Nayar and Knight 1999 , Cancrini et al. 2003 . Results from our study conÞrm that not only is Ae. albopictus capable of becoming infected with D. immitis in Georgia but also Ae. albopictus can support the development of D. immitis to the L3, based on the presence of D. immitis DNA in the head and thorax of this mosquito. Infection rates were higher in Ae. albopictus than in either of the other two D. immitis DNA-positive species, An. crucians and An. punctipennis. Ae. albopictus positive for D. immitis DNA were found in six of the seven counties that were sampled, but An. cruciansand An. punctipennis-positive mosquitoes were only detected in Sumter Co., although An punctipennis was collected in four counties albeit in limited numbers (n Ͻ5) except for Sumter Co. where 113 An. punctipennis were collected and which yielded the D. immitis DNA-positive pool). Although the data presented cannot conÞrm whether transmission of dog heartworm occurs throughout the year in Georgia, infected mosquitoes were detected in each month in which samples were collected as early as 11 May and as late as 13 October, the latest and earliest dates when mosquitoes were collected, indicating a minimal 6-mo transmission season (Table 2) .
Ae. albopictus was Þrst detected in the continental United States in 1985 in Harris Co., TX (Sprenger and Wuithiranyagool 1986) , and by 1997 it had spread to 678 counties in 25 states, including Georgia (Moore and Mitchell 1997) . Ae. albopictus readily feeds on a variety of mammals, including dogs and humans (Savage et al. 1993) , and Ae. albopictus is now known to support the development of D. immitis to the L3. In addition to the daytime feeding Ae. albopictus, An. punctipennis, and An. crucians, two dusk-and nighttime-feeding mosquitoes, were identiÞed as infected with D. immitis by DNA analysis. The sampling biases associated with the mosquito collection methods (e.g., light and gravid traps may under-sample some species, including Aedes triseriatus Say, a presumptive D. immitis vector in the southeastern United States; Lok et al. 2000) , as well as the unavailability of Ae. triseriatus, Cx. nigripalpis, Cx. salinarius, and Cx. quinquefasciatus for analysis, and the small numbers of mosquitoes from nine other species analyzed (n Ͻ24 for each of these nine species), suggests that our study probably underestimated the number of species of dog heartworm vectors in Georgia. However, Þnding D. immitis DNA in mosquitoes that seek bloodmeals during the day, at dusk, and at nighttime suggests that domestic pets in Georgia are potentially at high risk of being exposed to the bites of dog heartworm-infected mosquitoes at all times when outdoors. Further work is needed to conÞrm the vector status of An. crucians and An. punctipennis by detecting the presence of D. immitis L3s in these suspected vectors.
